P-eIF2α
β-Actin Control (GFP-transfected) neurons and 4G-transfected neurons were untreated or exposed to 50 μM CHX for 24 h or subjected to 1 h OGD and 24 h reperfusion without or with 50 μMCHX. After 24 h, treated neurons were assessed for protein synthesis (cpm per microgram protein) (C) and viability (D). Both protein synthesis and survival were increased by 4G overexpression. (E) Western blot analysis showing the effect of GFP-or eIF4G1-transfection on the expression of regulatory translation initiation factors by neurons without OGD or subjected to 1 h OGD at 0, 2, and 24 h reperfusion. Specifically, P-eIF2α was transiently increased at 0 and 2 h as in Fig. 1F , and eIF4G1 was decreased at 24 h in control neurons. Bars represent mean ± SD of n = 3-4 independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with control and where indicated, ## P < 0.01 compared with control, GFP-transfected, CHXtreated neurons. December 11, 2012) Animal cells actively generate contractile stress in the actin cortex, a thin actin network beneath the cell membrane, to facilitate shape changes during processes like cytokinesis and motility. On the microscopic scale, this stress is generated by myosin molecular motors, which bind to actin cytoskeletal filaments and use chemical energy to exert pulling forces. To decipher the physical basis for the regulation of cell shape changes, here, we use a cell-like system with a cortex anchored to the outside or inside of a liposome membrane. This system enables us to dissect the interplay between motor pulling forces, cortex-membrane anchoring, and network connectivity. We show that cortices on the outside of liposomes either spontaneously rupture and relax built-up mechanical stress by peeling away around the liposome or actively compress and crush the liposome. The decision between peeling and crushing depends on the cortical tension determined by the amount of motors and also on the connectivity of the cortex and its attachment to the membrane. Membrane anchoring strongly affects the morphology of cortex contraction inside liposomes: cortices contract inward when weakly attached, whereas they contract toward the membrane when strongly attached. We propose a physical model based on a balance of active tension and mechanical resistance to rupture. Our findings show how membrane attachment and network connectivity are able to regulate actin cortex remodeling and membrane-shape changes for cell polarization.
actomyosin contractility | biomimetism | active gels | soft condensed matter A nimal cells constantly adapt their shape as they move and divide. Events like cytokinesis (1) and motility (2) require concerted remodeling of the actin cytoskeleton and the plasma membrane. A crucial cell module that drives cellular shape changes is the actomyosin cortex beneath the cell membrane, which produces contractile forces that squeeze the cell forward during migration or constrict it during division. The cell cortex is a thin actin network of thickness ∼0.2 μm (3), which is tightly attached to the plasma membrane (4, 5) . On the molecular scale, contractile forces are generated by myosin II motor proteins, associated into bipolar filaments (6), which use adenosine 5′-triphosphate (ATP) to exert pulling forces on actin filaments.
To drive cell-shape changes, these forces must be communicated to the plasma membrane, which requires membrane-actin attachment (7-9) through, for example, proteins from the ERM (ezrin, radixin, moesin) family (10) (11) (12) (13) . Several in vivo studies provide evidence that cortex-membrane attachment strongly influences contractile processes. For instance, blebbing at the cell poles due to transient detachment of the cortex from the membrane serves to release excess cortical tension during cytokinesis, which is crucial to achieve proper division (14) . In early Caenorhabditis elegans embryos, myosin-driven contraction drives long-range cortical flow of actin along the membrane, which is crucial to establish cell polarity and asymmetric cell division (15) . It is increasingly recognized that cortex remodeling and cell-shape changes depend on a balance between the active forces generated by motors and the passive forces originating from cortex (visco)elasticity and cortex-membrane adhesion (16) . However, the microscopic basis of this force balance remains unclear. It is difficult to resolve this question directly in cells, because manipulation by drugs or genetic methods can also affect the dynamics of the underlying cytoskeleton via specific signaling pathways (17) .
An alternative approach is to use either cell-free extracts (18, 19) or systems reconstituted from a minimal set of purified cellular components (20) . These approaches have been successfully used to show that contractility of bulk actomyosin networks depends on the kinetic parameters of the motors (21) (22) (23) , as well as on the presence of actin cross-linkers that allow build-up of stress (24, 25) . A recent study of 2D actomyosin networks attached to flat model biomembranes showed that actin-membrane anchoring also influences cortex contractility (26) . However, although this biomimetic assay can address actin-membrane adhesion, it cannot address the influence of membrane deformability on cortex remodeling and shape change.
Here, we reproduce active contractility in a cell-like system, where actomyosin cortical networks are anchored to a liposome membrane. Cortices linked to the outer leaflet of the liposome membrane mimic the cell cortex as well as intracellular organelles like endosomes (27) . Low linkage or cross-link density promote active cortex rupture, which breaks the symmetry and causes
Significance
Animal cells continuously move, divide, and transmit forces by actively reorganizing their internal scaffold or cytoskeleton. Molecular motors pull actin filaments together and generate contraction of the cytoskeleton underneath the cell membrane. We address the detailed mechanism of contraction by using a minimal in vitro assay: a liposome membrane to which we attach actin filaments and molecular motors in a controlled manner. We reproduce contraction like in cells. We show that the scaffold needs to be tightly attached to the membrane for efficient contraction, but, under some conditions, efficient contraction can lead to liposome destruction. These results suggest that cells must precisely control their contractility to remain intact during cellular events.
Author contributions: K.C., F.-C.T., G.H.K., and C.S. designed research; K.C., F.-C.T., and E.L. performed research; K.C. and F.-C.T. contributed new reagents/analytic tools; K.C., F.-C.T., R.V., G.H.K., and C.S. analyzed data; and K.C., F.-C.T., G.H.K., and C.S. wrote the paper. passive elastic retraction of the network to one pole of the liposome. In contrast, high membrane anchorage and high network cross-link density promote active compression of the liposomes by cortex contraction. We further show that when the cortices are instead connected to the inner leaflet of the liposome membrane, actin-membrane linkage strongly biases the directionality of cortex contraction. Our results shed light on the physical mechanisms that control contraction events during cell division, motility and endosome-shape changes.
Results
To mimic the cellular cortex, we anchor actin filaments to a liposome membrane and add myosin II motors purified from rabbit skeletal muscle. Motors assemble into bipolar filaments of an approximate length of 0.7 μm containing around 100 myosins (24) . Actin filaments that contain 1/400 of biotinylated actin monomers carry an average of one biotin link per micrometer and are strongly bound via streptavidin or neutravidin to biotinylated lipids of the liposome membrane. The strength of actin-membrane anchoring can, thus, be tuned by changing the fraction of biotinylated lipids in the membrane. To test the influence of geometry, we attach the actin shell either on the outer leaflet of the liposome membrane ( Actin filaments of 4-μm length are attached to the outside of liposomes and cover the entire liposomes, forming shells of a constant average thickness h on the order of half a micron ( Fig.  1B and Fig. S1 ). "Strong" or "weak" attachment respectively refers to 1 or 0.1 mol % of biotinylated lipids. The thickness and total amount of bound actin is independent of attachment strength as long as the incubation time is longer than 15 min (Fig. S2 ). When myosin filaments are injected into the solution, the actin distribution becomes heterogeneous in 90% of all liposomes (357 of 390 in six independent experiments) independently of their attachment strength (Fig. S3 , first two bars), which is a clear signature of contractile behavior ( Fig. 1C and Fig. S1B ). Importantly, we also find that reducing filament length strongly reduces the occurrence of contraction, from 90% to only 7% of all liposomes ( Fig. S3 ). This observation indicates that contraction requires sufficiently high network connectivity, consistent with prior findings for bulk actomyosin networks (22) . Note that streptavidin can mediate both filament-membrane and filamentfilament attachments (i.e., that the strong attachment and weak attachment cases differ in both membrane attachment strength and network connectivity).
Interestingly, we observe two markedly different contractile behaviors for any given population of contracting liposomes: either liposomes are crushed and actin filaments form a dense cluster together with membrane fragments (Fig. 1C, a1 , black arrows) or liposomes remain intact and actin peels away along the membrane and accumulates at one pole ( Fig. 1 C, a2 and b2) . Various controls (Fig. S3) confirm that actin-network contraction originates exclusively from active contraction by myosin filaments.
Upon injection of fluorescently labeled myosin, time-lapse imaging clearly reveals that fluorescent myosin spots appear at the surface of the liposomes. These discrete spots have a diffraction-limited size and likely represent 0.7-μm filaments. Sometimes, we observe brighter myosin spots, which likely represent small clusters of myosin filaments (Fig. S4) . The spatial distribution of the myosin spots appears to be random and the outcome of cortex contraction appears to be independent on how the myosin spots are distributed. Interestingly, contraction always starts after around three separate spots of myosin are bound (Fig. S4 ). Although this number is an underestimate because of the epifluorescence observation, this indicates that a few myosin filaments only are required for shell contraction.
To test the role of geometry on the contraction behavior, we compare the "outside geometry" with the one of cortices anchored to the inner leaflet of the liposome membrane. To this end, we encapsulate biotinylated actin filaments together with neutravidin cross-linkers and myosin by hydration of a film of lipids as recently developed (Fig. S5) (28, 29) . The actin filaments form a homogeneous peripheral shell in 90% of the liposomes in the strong attachment condition (2 mol% biotinylated lipids) and in 84% of the liposomes in weak attachment conditions, attained in the absence of biotinylated lipids (Fig. 1E ). This observation is consistent with previous reports (30) and reflects spatial confinement of actin filaments forced to adopt a peripheral localization to reduce their bending energy, because their persistence length (31) and contour lengths are similar to the diameter of the liposomes (Fig. S5) . The thickness of the actin shells increases with liposome radius, indicating that the amount of membrane-adsorbed actin is proportional to the volume-to-surface ratio, consistent with previous reports (Fig. S5 ) (32) . In about 10% of the liposomes, the actin forms a space-filling "bulk" network. Incorporation of biotin-neutravidin membrane anchors does not influence the percentage of liposomes with a shell, nor the shell thickness or actin encapsulation efficiency (Fig. S5) . When myosin is encapsulated together with actin inside liposomes, about 10% of the liposomes contain myosin at a level that is detectable by confocal microscopy. We trigger myosin contraction by warming the samples from 4-20°C. Time-lapse imaging of liposomes inside a temperature-controlled chamber reveals that the motors contract the actin network in less than 1 min in the presence of cross-linkers (Fig. S6) . In all cases, the myosin motors eventually form one dense cluster surrounded by a compacted actin network (Fig. 2, iii and iv) . In the absence of cross-linkers, no contraction occurs (Fig. 2, i and ii) . To test the influence of membrane anchorage, we compare liposomes containing 2% and 0% biotinylated lipids. As in the outside geometry, we observe a marked influence of actin-membrane anchoring: strongly anchored cortices contract toward the membrane (Fig. 2 , iii), whereas nonanchored cortices mainly contract inward to form a dense actomyosin cluster away from the membrane (Fig. 2, iv) .
Dynamics of Contraction in the Outside Geometry. Experimentally, it is most convenient to characterize the dynamics of contraction in the outside geometry, where contraction can be triggered by myosin injection (Fig. 3) . From kymographs, we define the following characteristic times (indicated in Fig. 3 B and D): time 0 corresponds to myosin injection in the observation chamber, t AM is the onset time for actin movement, and t CC is the time at which actin movement stops. The total duration of each contraction event is then t CC − t AM . We observe markedly different kinetics of contraction during liposome crushing versus cortex peeling. In the presence of 2 nM myosin, the duration of crushing (t CC − t AM ) is 18 ± 2 min, corresponding to a velocity of crushing of about 0.8 ± 0.5 μm/ min, which is about 10 times slower than the peeling velocity (Fig. 3E, Left) . However, at the same myosin concentration, the onset time t AM elapsed before peeling starts is much longer than the onset time for liposome crushing (Fig. 3E, Right) . The dependence of the kinetics on myosin concentration is also markedly different for crushing and peeling liposomes. In case of crushing, t AM is independent of motor density and its average value is 1.5 ± 1 min, whereas the duration of contraction strongly decreases with increasing motor density, indicating that crushing is driven by active contraction. In contrast, the duration of contraction during peeling is independent of motor density and is on average 0.7 ± 0.5 min (90% confidence). This observation suggests that contraction during peeling is not actively driven but is rather the result of passive, elastic retraction, although we cannot exclude a small contribution of active contraction after the initiation of peeling (Discussion). The time t AM for peeling to start does depend strongly on motor density, going down from 15.2 ± 3 min to 1.8 ± 1.4 min (average values) when the myosin concentration is increased from 2 to 200 nM. These observations suggest that peeling may require a sufficient tension that reached faster in the presence of more myosin.
If peeling represents passive elastic retraction of a ruptured cortex, we expect that increased cross-linking of the cortex should protect cortices from rupturing and peeling. We confirm that the presence of cross-linkers like α-actinin or fascin reduces the occurrence of peeling and instead promotes liposome crushing (Fig. 4A) . Moreover, less peeling and overall less contraction is observed at a higher concentration of cross-linkers (Fig. 4A) .
If peeling is driven by cortex rupture followed by elastic cortex retraction, we expect that weakening the attachment of actin filaments to the membrane should promote peeling. Indeed, when we lower the percentage of biotinylated lipids in the membrane, we observe a marked increase of the occurrence of peeling and a reduction of the occurrence of crushing (Fig. 4B) . Interestingly, this shift in behavior is independent of the myosin concentration. Although the probability of peeling versus crushing is strongly dependent on membrane-attachment strength, the onset time and contraction duration of both peeling and crushing are independent of attachment strength. The time at which crushing or peeling stops, t CC , is constant for a given myosin filament concentration and has an average value of 17 ± 4 min for 2 nM myosin, 8 ± 4 min for 20 nM myosin, and 2 ± 1.5 min for 200 nM myosin. The maximal contraction time t CC , defined as the time at which the whole liposome population (about 100) has contracted, is also independent of membrane attachment strength (Fig. 4C) . However, the maximal contraction time strongly decreases when the myosin concentration is raised from 2 to 200 nM, from 12 ± 10 min to 1.5 ± 1.5 min, for weak attachment condition (Fig. 4C , "W" bars), and from 15 ± 8 min to 0.5 ± 1.5 min in strong attachment condition (Fig. 4C , "S" bars). All together, these results indicate that more attachment promotes crushing but does not affect the overall contractile property of the actin shell. Fig. 2 . Effect of cortex cross-linking and actin-membrane attachment on cortex contraction in the inside geometry. Confocal images of actin (green) and myosin (red) inside liposomes in the absence of cross-linkers (i and ii) or in the presence of cross-linkers and either strong attachment (iii) or weak attachment (iv). (Scale bars: 5 μm.) Plots are the distance of the myosin cluster from the center of the liposome (D myo ) normalized by the liposome radius, R liposome , for different liposomes (n = 9 for strong attachment and n = 37 for weak attachment). Box plots show the mean value (small square), maximum and minimum values (crosses), and 5th and 95th percentiles (whiskers). 
Discussion
Our biomimetic model system allows us to study the physical mechanisms by which contractile actomyosin cortices change cell shape. We anchor actin-myosin networks to liposome membranes with the geometry of a cell. Unlike assays with actomyosin networks reconstituted on supported lipid bilayers (26), our system can address the influence of cortex contraction on membrane shape. The advantage of such cell-like model systems is that they permit precise control over the molecular composition of the system and its geometry, with actin either anchored inside or outside.
Cortex Connectivity and Membrane Attachment Govern Contraction
Outcome. We find in both inside and outside geometries that motor-driven contraction requires a minimum level of network connectivity ( Fig. 2 i and ii and Fig. 4 , right bar), consistent with previous observations in bulk networks (22) (23) (24) (25) 33) . The striking finding is that actin-membrane anchoring governs the outcome of cortex contraction. In the "inside geometry," anchoring decides whether the cortex contracts toward the membrane or detaches and contracts inwards. In the outside geometry, lowering the density of biotinylated lipid anchors in the membrane promotes cortex peeling, whereas increasing the density of membrane anchors promotes liposome crushing.
Physical Mechanism That Governs Crushing Versus Peeling. In both cases of crushing and peeling, a threshold quantity of myosin filament is needed to induce contraction (Fig. S4) . However, crushing is much slower than peeling but is accelerated at higher motor densities.
Crushing is characterized by the bursting of the liposome under the influence of actomyosin contraction, possibly attributable to pore opening. The slow rate of contraction may be attributable to the decrease in liposome volume upon contraction that generates a resisting osmotic pressure, similar to observations in live cells (34) . Indeed, reducing the osmotic resistance to contraction by osmotically deflating liposomes generates exclusively crushed liposomes (Fig. S7) . There is also an additional resisting force that is a frictional force of hydroporosity attributable to the hydraulic permeability of the membrane and actin network through which the solution transits, which is difficult to estimate. Nevertheless, the presence of membrane bulges after the contraction (Fig. 1C, a1, arrows) suggests a pressure release mechanism.
Unlike crushing, the duration of peeling (t CC -t AM ) does not depend on myosin concentration. However, motor activity is needed to trigger peeling, presumably by causing spontaneous cortex rupture and/or detachment from the membrane. We find that the initiation time (t AM ) where peeling starts strongly decreases with increasing myosin concentration, indicating that peeling only occurs if the built-up cortical tension is high enough. Together, these observations strongly support an elastic retraction mechanism for peeling. Interestingly, cortex breakage is preceded by thinning of the actin cortex (Fig. S8) , reminiscent of the thinning of the actin network at the front of droplets or beads moving through an actin polymerization-based mechanism that generates elastic stresses in the actin network (35, 36) . If there is some contribution of active contraction after peeling initiation, we expect an increase of the velocity of peeling over time, which is not observed in our experiments.
What governs the bias toward crushing or peeling? The physical mechanism of peeling we propose, based on cortex rupture followed by elastic retraction, is similar to the spontaneous symmetry breaking of actin shells that actively polymerize around a spherical surface (37) . Polymerizing shells fracture once the tangential stress or tension attributable to actin filament growth is sufficient. Analogously, we propose that actomyosin cortices rupture once sufficient tension is built up by myosin motors bound to the actin network. Thus, we expect that increasing the myosin density should reduce the initiation time for cortex rupture, which is consistent with our observations (Fig.  3E) . We can also directly test whether motors mechanically stress the cortices by locally photodamaging the actin cortex (37) . We find that local actin disruption leads to cortex peeling away from the damaged region only in the presence of myosin motors (Fig.  S9) , indicating indeed the presence of cortical tension generated by myosin motors. Cross-linking the cortex prevents peeling because the initial fracture is disfavored (Fig. 4) . Collectively, our data, thus, strongly support a mechanism where peeling is initiated by symmetry breaking through a fracture of the cortex, followed by a (passive) elastic retraction. We, therefore, anticipate that the bias of peeling versus crushing should be governed by a critical level of tension. Note that liposomes often deform before peeling, which may indicate that peeling can be preceded by crushing (38) . For a given network structure, peeling occurs when the motor driven tension exceeds this critical tension, whereas crushing occurs when the tension is below this critical tension (Fig. 5) . Tension threshold is higher because the fracture is more difficult to open, in agreement with our results, where keeping the same myosin concentration and, therefore, the same tension but adding cross-linkers prevents peeling (Fig. 4A) .
Force Analysis and Estimates of Characteristic Times and Critical
Tensions. During cortex peeling, forces exerted on the actin shell are parallel to the membrane and act only against the viscous resistance of the lipid bilayer. The total friction force of the gel with the membrane per liposome is given by F friction = λ × V = η m × N links × V , where η m is the membrane friction, which is on the order of 10 −6 Pa.s.m (39) , N links is the total number of links, which is on the order of 10 5 per liposome (40) and a thickness e of about 500 nm, corresponding to a spring constant E × e for the corresponding unfolded elastic sheet. Therefore, an elastic peeling mechanism would give a characteristic duration
≈ 20 s (Fig. 3E ). This estimate is in good agreement with the experimental value of 42 ± 30 s, providing strong support for our physical model for peeling. Moreover, we can now also estimate the critical tension τ c for peeling as the ratio of the prestress generated by the motors to the length L (characteristic size) of the network. Because an average of three myosin filaments are bound, each composed of a number N m of ∼100 motors with a duty cycle (DC) between 5% and 18% (41, 42) , each motor pulling with a force F m of ∼3.5 pN (43) , and the liposome size L is around 10 μm, we obtain an estimate of the tension τ c = FmNmDC L between 5:10 −6 N=m and 2:10 −5 N=m. This is a rough estimate, but it is interesting to notice that it is comparable to, although one order of magnitude lower than, values measured for cellular actin cortices (44) .
Under strong attachment conditions, myosin contractile forces cause liposome crushing in the outside geometry. Note that decreasing membrane attachment by decreasing the number of biotinylated lipids in the membrane not only weakens the attachment of actin filaments but also reduces the connectivity of the actin network itself: one streptavidin molecule, when binding a biotinylated lipid and a filament, can still provide two other binding sites for cross-linking actin filaments. We propose that strong attachment conditions, thus, prevent rupture of the actin shell by motor-driven cortical tension. It is interesting that in the inside geometry, cortex contraction does not deform the membrane. Instead, the actin is partly peeled or torn away from the membrane. This effect most likely reflects dragging of lipid/ streptavidin anchors in the plane of the membrane (45) . Alternatively, pulling of lipids out of the membrane may contribute to cortex detachment, given that the biotin-streptavidin bond is stronger than the lipid-membrane bond (46) , or actin-filament rupture may occur (26) .
Relevance for Cell-Shape Changes. During cell-shape changes, the actin cortex is not merely a passive, adaptive structure, but it actively participates in establishing cell shape. Active forces generated by the actomyosin cortex are transmitted to the membrane and to the extracellular environment through actin-membrane anchors, which results in cell polarization and movement. We achieved the reconstitution of actomyosin networks of different geometries on a liposome membrane showing that the geometry, the membrane anchoring of actin networks, and their connectivity are key factors in controlling the outcome of myosin-driven contraction. In our experiments, the advantage of the outside geometry assay is that the cortex composition can be precisely controlled in a temporally defined manner, which is difficult to achieve when cortices are formed inside liposomes. We find that crushing is slower than peeling because osmotic pressure works against it. In cells, where the geometry is inside-out, cortical tension is also opposed by osmotic pressure (33) . Although cells likely have additional machineries to avoid failure, actomyosin contractility can under some conditions lead to tissue tear-off at the scale of a cell layer in developing fly embryos (47) . Moreover, the fact that the actin cortex can rupture in cells (analogous to peeling in our liposomes) has been observed and analyzed (48) .
Cells, by regulating the connectivity of the actin cortex and the strength of membrane attachment, can thus achieve different modes of contraction to drive large-scale shape changes during processes like cell motility. Cells normally change shape without membrane rupture or large scale changes in volume. Therefore, our results highlight the need for cells to use additional mechanisms to maintain a contractile network attached at the cell surface and to prevent contractile forces from rupturing this attachment or the membrane itself.
Materials and Methods
Lipids, reagents, and proteins are listed in SI Materials and Methods.
Forming Actin Shells on the Outside of Liposomes (Outside Geometry). Liposomes are first incubated with 160 nM streptavidin for 15 min and then diluted 30 times. In these conditions, biotinylated lipids are saturated by streptavidin, as confirmed by the observation that increasing streptavidin concentration leads to the same percentage of contracting liposomes and the same occurrence of crushing or peeling (Results and Fig. S3 ). This is confirmed by the fact that the concentration of biotinylated lipids is at least three orders of magnitude lower than the concentration of streptavidin during incubation. A bulk solution of 40 μM actin monomers (Cytoskeleton) containing 10% fluorescently labeled actin and 1/400 biotinylated actin monomers is polymerized at 1 μM by diluting 40 times in the working buffer (25 mM imidazole, 50 mM KCl, 70 mM sucrose, 1 mM Tris, 2 mM MgCl2, 1 mM ATP, 0.1 mM DTT, 0.02 mg/mL casein, adjusted at a pH 7.4) for 1 h in the presence of 1 μM of phalloidin (to prevent depolymerization). Actin filaments are then diluted 10-fold to 0.1 μM, mixed with streptavidin-coated liposomes, and incubated for 15 min. The mix is diluted five times for observation with myosin, to reduce background fluorescence from actin filaments. Fluorescent myosin filaments are locally injected on the liposomes. The average length of actin filaments is L = 3.9 ± 1.6 μm (n = 30 filaments), as measured by transmission electron microscopy (Fig. S10) .
Reconstitution of Actin Networks and Actin-Myosin Networks Inside Liposomes (Inside Geometry). G-actin (made in-house) is polymerized in the I buffer [25 mM imidazole·HCl (pH 7.4), 1 mM DTT, 0.1 mM MgATP, 50 mM KCl, 2 mM MgCl 2 , 280 mM sucrose, 0.5% (vol/vol) glycerol, 2 mM trolox, 2 mM protocatechuic acid and 0.1 μM protocatechuate 3,4-dioxygenase]. An enzymatic system is included to regenerate ATP, composed of 1.33 mM creatine phosphate and 766 units per milliliter creatine phosphokinase. Actin concentration is 23.8 μM, including 30 mol% or 20 mol% of AlexaFluor 488-labeled actin and 0.25 mol% of biotinylated actin. If present, we use 120 nM neutravidin and either 238 or 476 nM myosin, including 10 mol% fluorescently labeled myosin (the results were similar for both myosin concentrations). The average length of the actin filaments is 13 μm, as measured by the total internal reflection fluorescence microscopy (Fig. S10) .
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